Abstract: Novel variable configuration spacecraft (VCS) can change its configuration by on-orbit assembly or the motion of the mechanism according to the requirements and missions, and the multibody dynamics analysis is performed to obtain the corresponding theoretical lowest values of the mechanical properties of force-bearing structures for the VCS module. In the meantime, to meet the actual use requirements for VCS, novel force-bearing structures are designed optimally and fabricated successfully. The corresponding experimental values of the mechanical properties for the force-bearing structures are also tested and investigated, which are compared to the corresponding theoretical values via multibody dynamics analysis. This paper is part of a large project on the development and preparation of the novel force-bearing structures applied in the next generation of VCS.
Introduction
For the space industry, servicing spacecrafts would do many different kinds of missions, such as measurement, maintenance, assembly, scientific exploration, transportation, habitat construction, and resource utilization [1] . It is impossible for the traditional spacecrafts with simple configuration to meet simultaneously all requirements mentioned above. Under this background, a novel variable configuration spacecraft (VCS; Figure 1 ), which can change its configuration by on-orbit assembly or motion of the mechanism according to the requirements, will be the main solution to the problems mentioned above. Herein, the modularized variable configuration mechanism of VCS can be folded or unfolded all the time and can "move" to change the configuration of the spacecrafts [2] .
Based on the law of conservation of momentum, for the motion of VCS, Umetani and Yoshida [3] proposed the generalized Jacobian matrix, which had a low amount of calculation. Vafa and Dubowsky [4] presented a virtual manipulator (VM) for the geometry of VCS. VM could be used for simplifying the calculation of motion and workspace, analyzing, designing, and controlling the VCS as well. Getting the solution of inverse dynamics and analyzing the workspace could be achieved. However, VM could not be used for redundant robots. Papadopoulos and Dubowsky [5] proposed the dynamics based on the Lagrange theory, which described the calculation of velocity, acceleration, and moment. However, solving the equation would spend a lot of time, owing to secondorder partial derivatives in equation. Saha [6] presented the extended mass matrix and extended total momentum. A universal method for the total system would be obtained via the new theory, momentum, and kinetic energy theorem. Recursive algorithm for the dynamics was first presented by Wittenburg [7] . By means of the regular labeling method for describing the configuration of system, the algorithm was able to get the dynamics by itself, which made it useful for system with large degree of freedom, compared to the analytical method such as the Lagrange theory.
From the dynamics analysis above, the main disadvantages of intrinsic large size, big flexibleness, and harsh space environment of VCS can result in the easy fracture of traditional materials during the process of space operation. Therefore, there are much needed force-bearing structural composites with light weight, high strength, and radiation and heat resistance applied for the mechanism of spacecrafts.
Continuous fiber-reinforced polymer matrix composites present promising applications as main force-bearing structures in VCS, owing to their light weight, high specific strength and modulus, good radiation resistance, and easy processing properties [8] [9] [10] . Bismaleimide (BMI) resins possess excellent mechanical properties, outstanding thermal stabilities, good radiation resistances, and attractive cost-to-performance ratio [11] [12] [13] [14] [15] . Poly(p-phenylene-2, 6-benzobisoxazole) (PBO) fibers possess light weight, outstanding specific tensile strength, excellent thermal stability, and good flame resistance [16] [17] [18] [19] . Therefore, it is rational to predict that the PBO/BMI composites will find extensive applications as force-bearing structural composites in the next generation of VCS [20, 21] .
In our present work, to obtain the corresponding theoretical lowest values of the mechanical properties [tensile strength, compression strength, and interlaminar shear strength (ILSS)] of force-bearing structures for VCS module, the basic configuration of VCS is first proposed and the corresponding multibody dynamics analysis is also carried out. In the meantime, high modulus PBO (HMPBO) fibers before and after surface functionalization are performed to fabricate BMI force-bearing structural composites by the method of "lamination-mould pressing." Furthermore, the experimental values of the mechanical properties for the BMI matrix force-bearing structural composites are also tested and investigated, which are compared to the theoretical values via multibody dynamics analysis. This paper is part of a large project on the development and preparation of the novel force-bearing structural composites applied in the next generation of VCS.
Materials and methods

Design of the spherical shell for VCS module
The force-bearing structures of the spherical shell for VCS module can be regarded as the combination of a hexahedron and a ball. It is divided into two parts by surface that is decided by the hexahedral diagonal. 
Results and discussion
Dynamics simulation of the spherical
shell for VCS
Tension and compression
The same 550 N force of tension and compression is loaded on the shell side and in a hole outside while they are in the opposite direction. The corresponding results of stress and strain of different layers are shown in Figures 3-6 . The results reveal that the maximum tension and the compression stress of the shell are 105.1 and 135.4 MPa, respectively. The maximum tension and compression stain are both 7.5e-4, which can meet the requirements of statics analysis. 
Torque
The torque of 150 Nm is loaded in the shell, and the axial displacement of the shell side is constrained. The corresponding results of stress and strain for different layers are shown in Figures 7 and 8 . The maximum shear stress is 39.8 MPa, whereas the maximum stain is 6.2e-3, both meeting the requirements of statics analysis. Figure 9 shows the mechanical properties of the two fabricated materials for force-bearing structures. The corresponding tensile strength of the pure HMPBO/ BMI force-bearing structural composite (Material #1) is beyond 1700 MPa, and the corresponding compression strength and ILSS are 138.1 and 41.4 MPa, respectively. Compared to those of Material #1, the corresponding compression strength (147.3 MPa) and the ILSS (46.8 MPa) of functionalized HMPBO/BMI force-bearing structural composite (Material #2) are increased by 6.7% and 13.0%, respectively. The reason is that the interfacial compatibility of functionalized HMPBO fibers and BMI matrix is improved, resulting in enhancing the interfacial adhesion between functionalized HMPBO fibers and BMI matrix; finally, the mechanical properties of Material #2 are further increased.
Experimental values of the mechanical properties for force-bearing structures
Comparative analysis of the mechanical properties from theoretical simulation and experimental investigation
Based on the discussion and investigation above, the corresponding values of the mechanical properties for the force-bearing structures from theoretical simulation and experimental investigation are listed in Table 1 .
In Table 1 , to meet the actual use requirements for VCS, the required lowest value (105.1 MPa) of tensile strength from theoretical simulation is far below that of the experimental value of the two fabricated materials, and both the required lowest compression strength (135.4 MPa) and ILSS (39.8 MPa) from theoretical simulation are also lower than those of the experimental values of the two fabricated materials. It can be deduced that the two fabricated materials for force-bearing structures can fully meet the requirements of the actual use requirements for VCS.
Conclusions
The required lowest tensile strength, compression strength, and ILSS from theoretical simulation analysis are 105.1, 135.4, and 39.8 MPa, respectively, to meet the actual use requirements for VCS. All the corresponding experimental values of tensile strength, compression strength, and ILSS for the two fabricated materials (Materials #1 and #2) for force-bearing structures are higher than those of theoretical simulation values, which can both fully meet the requirements of the actual use for VCS.
In our future work, we will develop the researches of system dynamic modeling and analysis of the forcebearing structures in depth to realize the application as modular to effectively restrain the vibration of the flexible structures of the VCS response. 
